A new model is presented for calculating the axial strain of carbon fiber-reinforced polymer (CFRP)-confined concrete columns. An energy-balance approach is introduced to establish a relationship of the energy absorption between a confined concrete column and CFRP. The proposed model was verified using a large database collected from 167 CFRP-confined plain concrete specimens. This database contains 98 circular specimens with diameters ranging between 100 and 152 mm, and 69 square specimens having a side length ranging between 100 and 152 mm. The database covers unconfined concrete strengths from 20 to 50 MPa. The proposed model shows very good correlation with the experimental results. In addition, the proposed model also provides a comparative prediction of the strain of CFRP-confined concrete columns in two extreme cases, i.e., (1) insufficient confinement, and (2) heavy confinement, which are not usually well predicted by other models. Abstract: A new model is presented for calculating the axial strain of carbon fiber-reinforced polymer (CFRP)-confined concrete columns. An energy-balance approach is introduced to establish a relationship of the energy absorption between a confined concrete column and CFRP. The proposed model was verified using a large database collected from 167 CFRP-confined plain concrete specimens. This database contains 98 circular specimens with diameters ranging between 100 and 152 mm, and 69 square specimens having a side length ranging between 100 and 152 mm. The database covers unconfined concrete strengths from 20 to 50 MPa. The proposed model shows very good correlation with the experimental results. In addition, the proposed model also provides a comparative prediction of the strain of CFRP-confined concrete columns in two extreme cases, i.e., (1) insufficient confinement, and (2) heavy confinement, which are not usually well predicted by other models.
Introduction
The use of carbon-fiber-reinforced polymers (CFRPs) in structural engineering has increased in recent years. However, estimating the capacity of FRP-confined concrete members is not very well-correlated with their actual behavior; as such, more attention must be paid to models for FRP-confined concrete. A complete model includes formulas to calculate the ultimate strength and ultimate strain of confined concrete and stressstrain relationships. Most of these studies have focused on the strength and stress-strain relationships of confined concrete. Not many models deal with strain prediction. Bisby et al. (2005) carried out an overview, and they conclude that existing models show a poor correlation with experimental results of confined concrete strain. Bisby et al. (2005) revealed that the mean absolute error of strain estimations ranges from 35 to 250%, whereas the error of strength estimation is less than 20%. The literature of FRP-confined concrete is excellent for calculating the confined concrete strength but not for calculating the corresponding strain. Richart et al. (1929) reported that the axial strain at the compressive strength of confined concrete can be linearly related to the maximum confining pressure. Early studies, based on this assumption, that proposed formulas for strain estimation include Karbhari and Gao (1997) , Miyauchi et al. (1999) , Toutanji (1999) , and Ilki et al. (2008) . Another commonly used approach is based on volume strain and dilation behavior (Lam and Teng 2003a, b) or regression analysis of experiments (Shehata et al. 2002) . All of the previously noted studies used the mechanism behavior of confined concrete to obtain strain estimations. In addition, Mander et al. (1988) proposed an energy-balanced method to calculate the strain of steel confined concrete. This method assumes that the additional strain energy of a confined concrete column is equal to the energy used to fracture the hoops. A study by Saadatmanesh et al. (1994) adopted this method to calculate the strain of FRP-confined concrete. The writers' paper develops relationships between the additional energy absorption of a confined concrete column and the energy absorbed by the confinement material. A new methodology is introduced to calculate the confined concrete strain in circular and square sections.
Analytical Investigation

Strain Energy and Energy Absorption
Strain energy is the energy stored in a structural elastic member as a result of the work performed on the member by an external load. It is defined as the energy absorbed by the structural member during the loading process. For an axially loaded column, the work done by the applied load is equal to the area under the load-displacement curve [Fig. 1(a) and Eq. (1)]. In a similar manner, the energy absorbed by the external FRP in an FRP-confined concrete column can be estimated
where U = strain energy; W = work done by the applied load; P = applied load; l = displacement; and dl is an increment of the displacement. The energy stored in the column core is transferred to compress concrete, deform the FRP, create cracks in concrete, and vertically compress the FRP. Some energy is also lost in unknown consumptions. FRP-confined concrete, it would be inappropriate to directly use the balanced-energy approach proposed by Mander et al. (1988) for steel confined concrete. In this paper, it is assumed that there is a possible linear relationship between the energy absorption of the column and the external FRP, which is discussed in a subsequent section.
To further investigate the energy transfer, early studies focused on FRP tubes made from high-strength and high-stiffness fibers. Unlike ductile metals, fibers and resins are brittle and they fail by fracture after an initial elastic deformation. The fracture strain of a typical carbon fiber is around 1.5-2.0% such that they may absorb less energy than conventional metals. However, they actually perform much better when a comparison is made in terms of the specific energy absorption, which is the energy per unit mass (Lu and Yu 2003) . The specific energy absorption of fiber is affected by fiber strength, elastic properties, the diameter-to-thickness ratio of FRP, fiber orientation, and sectional geometries (Wolff et al. 1994 ). These studies confirm that directly using the balanced-energy method (proposed for steel confined concrete) for FRP-confined concrete is inappropriate.
Energy in Structural Members
The widely accepted model [Fig. 1(b) ] is recommended by ACI 440-2R.08 (ACI 2008) for the stress-strain relationship of FRP-confined concrete columns. It was adopted in the writers' paper to calculate the energy absorption of a FRP-confined concrete column
where W cc = strain energy of confined concrete; A cc = grosssectional area of confined concrete; f c = stress of confined concrete; ε c = strain of confined concrete; ε cc = strain at peak stress of confined concrete; and dε c is an increment of the axial strain.
The stress-strain curve [ Fig. 1(b) ] has been slightly modified to obtain a simple integration. An expression [Eq. (3)] was extracted from Eq. (2) to calculate the energy absorption of the concrete core, in which the volumetric strain energy equals the area under the experimental stress-strain curves. When the strain of confined concrete is less than the peak strain of the corresponding unconfined concrete, the effect of FRP is negligible. Thus, the writers assumed that the additional energy in the column core equals the area under the experimental stress-strain curves starting from the value of the unconfined concrete strain [ Fig. 1(b) and Eq. (3)]
where U cc = volumetric strain energy of confined concrete; f 0 cc = confined concrete strength; f 0 co = unconfined concrete strength; and ε co = its corresponding strain.
Similarly, the energy absorbed by FRP can be calculated
where W f = strain energy of FRP; f f and ε f = rupture strength and rupture strain, respectively, of FRP obtained from flat-coupon tests; and ρ f = volumetric ratio of FRP as shown in Eqs. (5) and (6). The volumetric ratio (ρ f ) of FRP of circular and square sections can be calculated.
For circular sections
and for square sections
where t = thickness of FRP; d = diameter of the section; and r = radius of the round corner of the section. The rupture strain of FRP on the confined concrete is much less than that obtained from flat-coupon tests (Xiao and Wu 2000; Pessiki et al. 2001; Carey and Harries 2005) . Therefore, the volumetric strain energy of FRP on a column can be estimated as follows:
where U f = volumetric strain energy of FRP; and f fe and ε fe = actual rupture strength and rupture strain, respectively, of FRP on the columns. The energy absorbed by the column was calculated using Eq. (3) and the energy absorbed by FRP was estimated using Eq. (7). Next, a regression analysis based on a database was used to obtain a linear relationship between them. Based on that linear relationship, a model to calculate the strain of confined concrete at peak stress was derived.
Experimental Database
Test Database
Several experimental tests have been conducted on FRP-confined concrete by researchers over the past few decades. The writers collated a test database of 329 FRP confined plain concrete specimens reported by Demers and Neale (1994) , Watanabe et al. (1997) , Matthys et al. (1999) , Rochette and Labossière (2000) , Xiao and Wu (2000) , Suter and Pinzelli (2001) , Parvin and Wang (2001) , Pessiki et al. (2001) , Shehata et al. (2002 ), De Lorenzis et al. (2002 , Karabinis and Rousakis (2002) , Lam and Teng (2003b) , Chaallal et al. (2003) , Ilki and Kumbasar (2003) , Masia et al. (2004) , Berthet et al. (2005) , Lam et al. (2006) , Saenz and Pantelides (2006) , Jiang and Teng (2007) , Valdmanis et al. (2007) , Al-Salloum (2007) , Rousakis et al. (2007) , Wang and Wu (2008) , Tao et al. (2008) , Wu and Wei (2010) , , and Hadi et al. (2013) . The primary focus of this paper is on CFRP; as such, test results of materials other than CFRP were excluded from this database. Moreover, test results of circular sections not reporting the actual rupture strain (ε fe ) of FRP were excluded.
A few studies concluded that square columns confined with FRP provide a little (Mirmiran et al. 1998) or no (Wu and Zhou 2010) strength improvement. Thus, this paper deals only with round-corner square specimens; as such, specimens with sharp corners were excluded from the database. Because the procedure of calculating the strain of FRP-confined concrete is based on the ascending type of specimen (Fig. 1) , the test results of square specimens that have a descending type were excluded from the database. After excluding all of the previously noted test results, the database contained the test results of 167 FRP confined plain concrete specimens, as follows: (1) 98 circular specimens, and (2) 69 square specimens. The circular specimens included in the database have diameters d ranging from 100 to 152 mm and have unconfined concrete strengths f 0 cc between 30 and 50 MPa. The square specimens have a side length ranging between 100 and 152 mm, and unconfined concrete strength ranging between 20 and 50 MPa.
The confinement ratio was calculated by dividing the confining pressure (f l ) by the unconfined concrete strength (f 0 cc ), which varied between 2 and 99% for circular specimens, and between 1 and 60% for square specimens. Tables 1 and 2 show the databases for circular and square specimens, respectively.
Assumptions
The actual rupture strain of CFRP is usually reported for circular sections but not for square sections. When the actual rupture strain of CFRP was not included in the test results, it was assumed to be 0.55 of the rupture strain from flat-coupon tests, as recommended by ACI 440.2R-08 (ACI 2008). In addition, when the axial strain at the peak stress of unconfined concrete (ε co ) was not specified, ε co was assumed to be equal to 0.002 or values estimated by using the equation of Tasdemir et al. (1998) . The performance of the proposed model was compared by using two different methods for estimating the values of ε co . In the first method, ε co was calculated using the equation proposed by Tasdemir et al. (1998) . In the second method, ε co was assumed to be 0.002. Results of using the first method proved to be better than the second method. Therefore, the equation proposed by Tasdemir et al. (1998) was used
Proposed Strain Model
A linear relationship was assumed between the energy absorbed by a column core and CFRP for both circular sections and square sections. The energy absorption was calculated using Eqs. (3) and (7), whereas a regression analysis was carried out to obtain an equation for the energy absorbed in the form shown in Eq. (9). Based on this regression analysis, a new formula is proposed to calculate the strain at the peak stress of CFRP-confined concrete
where k is the proportion factor, which is a function of fiber stiffness and sectional geometries.
Strain Estimation for Circular Sections
The energy absorption of 98 circular specimens was estimated using Eqs. (3) and (7), and Fig. 2 presents the results. Next, a regression analysis was undertaken to attain
Substituting Eqs. (3) and (7) into Eq. (10) results in Eq. (11)
where the proportion factor k ¼ 7.6. Eq. (11) can be used to calculate the strain of CFRP-confined concrete columns in circular sections. Using this calculated strain, any model can be utilized to calculate the confined concrete strength. The Lam and Teng model (2003a) was adopted to express another form of Eq. (11)
Strain Estimation for Square Sections
For circular sections, the methodology proposed in this paper was used to establish a relationship between the energy absorption of the entire column section and FRP. The energy absorption of the FRP was calculated with respect to the perimeter of the section. This calculation did not provide a comparable correlation between the two energies in Eq. (9). Thus, the energy absorption of the column core at the effective area [ Fig. 3(a) ] was considered for the square specimens, which accounts for stress concentration at the corners. Details of the previously noted modifications are analyzed in the subsequent sections.
The energy absorption is sensitive to the geometry of the column (Wolff et al. 1994) . Thus, equations simulating the relationship between the absorption energies of a column and CFRP distinguish square from circular specimens. In addition, the confining pressure of a square column confined with CFRP is not uniform. Karabinis et al. (2008) and Csuka and Kollár (2012) proved that the confining pressure primarily concentrates on round corners of the column, whereas this confining pressure is negligible at other zones [ Fig. 3(b) ]. Therefore, the energy absorption used to rupture CFRP is assumed to be only available at the round corners. In such a case, a corner energy ratio k c , which is the ratio of the total length of four round corners [Fig. 3(c) ] to the circumference of the section, is introduced to account for the reduction of energy absorbed by CFRP
where b = side length of a square section; and r = round radius at the corners of the section. For square sections, the energy absorbed by CFRP (Fig. 4) was modified by adding the corner energy ratio k c
Early studies on steel confined concrete have reported the wellknown assumption that the concrete in a square section is confined by the transverse reinforcement through arching actions (Mander et al. 1988; Cusson and Paultre 1995) . Consequently, only the concrete contained by four second-degree parabolas [ Fig. 3(a) ] is well-confined, whereas the confinement effect at other zones is negligible. As further evidence, a few experimental (Mirmiran et al. 1998; Rochette and Labossiére 2000) and analytical (Karabinis et al. 2008 ) studies also confirmed that only part of the section is fully confined in terms of FRP-confined concrete columns. The writers assumed that the energy absorption of the effective area is proportional to the total energy absorbed of the entire section [Eq. (3)]. In this paper, the energy absorption of square specimens is assumed as the energy absorbed by the effective area only. This energy can be calculated by combining Eq. (3) and the shape factor k s , as introduced by ACI 440.2R-08 (ACI 2008)
The same methodology used in establishing the expression for circular sections was utilized for square columns. Fig. 4 and Eq. (17) show the relationship of the energy absorption in this case
Substituting Eqs. (14) and (15) 
where f l = equivalent confining pressure of a square section, which can be estimated (Lam and Teng 2003b) as 
Verification of the Proposed Model
Statistical Methods of Verification
In the writers' paper, the model performance was tested by using two statistical indicators, as follows: (1) mean square error (MSE), and (2) average absolute error (AAE), as determined by Eqs. (21) and (22):
where pre = model predictions; exp = experimental results; and N = total number of test data. In general, the mean square error shows the errors to be more significant compared with the average absolute error.
Circular FRP-Confined Concrete Columns
A total of 98 data points were plotted (Fig. 5) to assess the performance of existing models and the proposed model. Seven existing models were considered in this verification [Karbhari and Gao 1997; Toutanji 1999; De Lorenzis and Tepfers 2003; ACI 440.2R-08 (ACI 2008); Teng et al. 2009; Yazici and Hadi 2012] . Because of the limited space in the writers' paper, only four models that have comparable performance are shown (Fig. 5 ). strain prediction, followed by the models of Lam and Teng (2003a) and De Lorenzis and Tepfers (2003) . The model of shows good agreement with experimental results, with the exception of high-modulus (HM) CFRP such that three specimens using HM CFRP were excluded from the verification of this model. The proposed model in this paper shows slightly better estimates than the model of ACI 440.2R-08 (ACI 2008) and . The model of ACI 440. 2R-08 (ACI 2008) suggests that the minimum confinement ratio f l =f 0 co of 0.08 should be used. This minimum limit was recommended based on increasing the strength of CFRP-confined concrete. In particular, in earthquake-prone regions the ductility of a column may need to be increased, leading to a case of insufficient strength confinement, whereas the ductility enhancement still could be expected (Mirmiran et al. 1998; Wang and Wu 2008) . Therefore, eight specimens (insufficient confinement) having a confinement ratio of less than 0.08 were extracted from the full database to verify the models in this case (Fig. 7) . Based on the strain-estimation equations of the subsequent models, if the confinement pressure is equal to zero, the strain of confined concrete calculated by the models of ACI 440.2R-08 (ACI 2008) would be 1.5× the unconfined concrete strain. Consequently, when the confinement pressure f l reaches zero the strain prediction from the model of ACI 440.2R-08 (ACI 2008) will overestimate the actual strain. When that model was verified by the database, it exhibited good predictions for insufficient confined specimens. The prediction of the proposed model still shows a quite good correlation with the test data, whereas other models show scatter of the test data (Fig. 7) . .
In addition, the models of ACI 440.2R-08 (ACI 2008) and Teng et al. (2009) generally tend to overestimate the strain of confined concrete when the confinement ratio (f l =f 0 co ) is large. The differences between the experimental and predicted values become considerably larger when the confinement ratio was larger than 40% (Fig. 5) , remarked as heavy confinement. Thus, eleven heavy confined specimens were extracted from the database to compare these models (Fig. 8 ). The models of ACI 440.2R-08 (ACI 2008), Teng et al. (2009), and Tepfers (2003) show that the precision of these models are not good, whereas the model of Yazici and Hadi (2012) exhibits good predictions in this case. For further verification, Fig. 8 shows a very good correlation between the predicted and actual strain of heavily confined circular sections. The average absolute error of the proposed model is 5× less than the model of ACI 440. 2R-08 (ACI 2008) .
In summary, the proposed model predicts very close results for the strain of CFRP-confined concrete. In addition, the proposed model also shows good agreement with the test data in the range of insufficient and heavy confinement as defined previously.
Square FRP-Confined Concrete Columns
The same procedure was carried out to verify the proposed model for square sections. A total of 69 data points (Fig. 9) were plotted to assess the performance of existing models and the proposed model. Four existing models were considered in this verification [Shehata et al. 2002; Lam and Teng 2003b; ACI 440.2R-08 (ACI 2008) ; Ilki et al. 2008] .
Comparing the existing models for square sections, the models of Lam and Teng (2003a) , ACI 440.2R-08 (ACI 2008), and Ilki et al. (2008) show quite good predictions for the strain of CFRP-confined concrete. Among these existing models, the results from the model of Ilki et al. (2008) overestimate the actual values, whereas the other models present a good general trend. However, the proposed model gives a better precision than the other models in estimating the strain of CFRP-confined concrete columns (Figs. 9 and 10).
For insufficient confined specimens (places close to the origin of the coordinates), the models of Lam and Teng (2003b) , ACI 440. 2R-08 (ACI 2008) , and the proposed model show good predictions. The models of Ilki et al. (2008) and Shehata et al. (2002) do not exhibit close correlation in this case. In addition, all five models underestimate the strain of confined concrete when the confinement ratio is high [six data points have a measured strain greater than 3 (Fig. 9) ]. 
Conclusions
From the theoretical analyses presented in this paper, the following conclusions are drawn: • The proposed model provides very good predictions compared with the experimental results, and it also shows a good agreement with the test data in the range of insufficient and heavy confinement, which are usually not predicted well by other models; • Only a proportion of the energy absorbed by the entire column is transferred to rupture the FRP; and • The formula to calculate the strain of square sections is still not as good as that of circular sections; thus, further study needs to be carried out in this case.
Finally, a new model is proposed in this paper to calculate the strain of confined concrete based on the energy-absorption method. The performance of the proposed model shows very good correlations with experimental results. However, the precision of the proposed model should improve when it is calibrated with a larger reliable database in the future. This methodology can be developed to cover reinforced concrete columns confined with FRP. Error of the models Fig. 10 . Accuracy comparisons for strain prediction of square specimens among the models
